ABSTRACT Binding and pinocytosis of polyvalent IgG-containing immune complexes by mouse macrophages leads to the selective removal of Fc receptors (FcR) from the cell surface and to the rapid delivery of receptor and ligand to lysosomes, where both are degraded (I . Mellman and H. Plutner, 1984 , journal of Cell Biology, 98:1170-1177. In this paper, we have studied the internalization of FcR tagged with a monovalent probe that, unlike IgG-complexes, cannot cross-link adjacent receptors . We have used an Fab fragment of high affinity anti-FcR monoclonal antibody whose binding was completely sensitive to low pH (4.0) at 4°C. Thus, surfacebound (acid-releasable) and intracellular (acid-resistant) '251-Fab could be readily distinguished . Incubation of )774 macrophages with 125 1-Fab at 37°C did not lead to the accumulation of large amounts of the antibody in the acid-resistant compartment . After 3 h, only 20% of the total cell-associated radiolabel was intracellular . The internalized '251-Fab was also shown by Percoll gradient centrifugation to be associated primarily with low density endosomes, as opposed to lysosomes. Significantly, most of the labeled antibody returned rapidly to the plasma membrane, still bound to FcR. This recycling was complete within 10 min, was unaffected by NH4CI, and was only slightly inhibited by the Na'-H' ionophore monensin .
Although endocytosis in animal cells isgenerally accompanied by the return (or recycling) ofinternalized plasma membrane to the cell surface, several plasma membrane receptors are known whose activities are largely if not irreversibly removed from the cell surface during ligand uptake (1) . Classically, this phenomenon is illustrated by the "down regulation" ofreceptors for certain polypeptide hormones (e.g., insulin, epidermal growth factor) in cells exposed to hormone . In most cases, the mechanism of receptor loss is unknown. One well-studied example, however, is the mouse macrophage receptor for the (FcR)' is a membrane glycoprotein, consisting of two polypeptides (60 and 47 kdaltons) (2, 3) , which can mediate the phagocytosis of large IgG-coated particles as well as the pinocytosis of soluble antibody-antigen complexes (1, 4, 5) . In recent work (see accompanying paper [4] and reference 5), we have used specific anti-FcR antibodies to show that the uptake ofeither ofthese multivalent ligands leads to the rapid I Abbreviations used in this paper: FcR, Fc receptors; aMEM, amodified Eagle's medium ; PBS-G, PBS containing 5 mM glucose; TCA, trichloroacetic acid; a8, aMEM containing 8% serum.
internalization and intralysosomal degradation of the receptor .
In this paper, we show that FcR tagged with a monovalent ligand behaves quite differently. A high affinity Fab fragment of a monoclonal antireceptor antibody was used which could not cross-link adjacent FcR in the plane ofthe membrane. In contrast to the results obtained using multivalent IgG-complexes, the Fab-FcR complex was internalized and recycled intact to the cell surface .
MATERIALS AND METHODS
Cell and Cell Culture: The macrophage cell line J774 (6) was grown in suspension culture in a-modified Eagle's medium (aMEM) supplemented with 4% fetal calf serum (FCS ; heat inactivated at 56°C for 30 min) and penicillin-streptomycin . For experiments, 4 x 105 cells were plated in 16-mm wells (24-well tissue culture dishes; Costar, Cambridge, MA) for 1 h at 37°C in aMEM containing 8% serum (a8). Monolayers were rinsed two times with PBS to remove any nonadherent cells prior to use .
Antibodies: The monoclonal rat anti-mouse macrophage FcR antibody 2ÁG2 IgG was produced, grown as ascites in mice, and purified as described (7) . Fab fragments, generated using papain (Sigma Chemical Co ., St . Louis, MO), were purified by DEAE-cellulose chromatography (8) . All antibody preparations used were essentially pure, as judged by SDS PAGE. 2ÁG2 Fab was labeled using Na'"I (Amersham Corp ., Arlington Heights, IL) and Iodogen (Pierce Chemical Co ., Chicago, IL) as described (9) . Antibody was separated from unincorporated' 25I by chromatography on Dowex 1-X8 (200-400 mesh ; Sigma Chemical Corp.) (5) and stored for up to 5 wk at 4°C in PBS containing 1 mg/ml BSA and 0 .02% NaN3. The antibody's specific radioactivity varied from 0.5-3.3 x 10`cpm/Ag protein. Rabbit anti-rat IgG (Pel-Freeze Biologicals, Rogers, AR) was purified by affinity chromatography and F(ab% fragments were generated using pepsin (Sigma Chemical Co.) as described (5).
pH Elution Assay: Cells were exposed to saturating concentrations of 12 Sí-2 .4G2 Fab (1 ug/ml) at 4°or 37°C in medium containing 10 mM HEPES (pH 7.2 ; a8-H). Nonspecific binding, uptake, and degradation were determined in parallel wells by including 100 kg/ml unlabeled 2ÁG2 which routinely inhibited ' 251-binding by >95% . Following incubation, cells were placed on ice and washed four times with cold PBS containing 5 mM glucose (PBS-G). Acidreleasable (presumably cell surface-associated)`251-Fab was determined at 4°C by treating the monolayers twice with 0 .5 ml of serum-free a-H, adjusted with HCl to pH 4.0, for 5 min each time . Both acid washes were pooled and '251 was determined in a gamma scintillation spectrometer . After one additional rinse with 0 .5 ml pH 4 .0 medium, cell-associated radioactivity was determined by harvesting monolayers with a cotton-tipped swab. Alternatively, the cells were returned to culture in complete medium (neutral pH) and subjected to a second round of pH 4.0 elution at various times thereafter. Neither cell viability nor morphology was affected by this procedure. Elution of surface-bound`IFab was extremely efficient, with >97% of the radiolabel removed from cells that had been incubated with the antibody for 1 h at 4°C (at which temperature, little or no endocytosis should have occurred). Subcellular Fractionation: After washing, J774 cells were homogenized in cold 0 .25 M sucrose containing 2 mM EDTA and 10 mM HEPES (pH 7 .4) using a stainless steel homogenizer (Kontes Co ., Vineland, NJ) . A postnuclear supernatant solution (750 g, 10 min, 4°C) was diluted with Percoll (Sigma Chemical Co .) to a final Percoll concentration of 27% (vol/vol) and centrifuged in a Beckman TOO rotor (20,000 g, 2 h, 4°C ; Beckman Instruments, Inc ., Palo Alto, CA) as described (10) . Recoveries of251-Fab were typically >90% . 0-glucuronidase activity was measured in the presence of 0 .1% Triton X-100 as described (11) .
RESULTS

Binding and Endocytosis of 2.4G2 Fab
The monoclonal antibody 2ÁG2 was originally selected because it can inhibit macrophage rosetting of IgG-coated erythrocytes (7) . Although macrophages and lymphocytes may express more than one class of FcR, the affinity (KA > 109 M-') and specificity ofthis antibody for a trypsin-resistant FcR that selectively binds IgG2b/IgGI-containing immune complexes has been well documented (2, 3, 7) . Moreover, 2ÁG2 Fab has been used as an affinity adsorbent to purify 1164 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 biologically active receptor from detergent lysates ofJ774 cells (7) . Thus, it can be presumed that the only antigen recognized by 2ÁG2 in mouse macrophages is the FcR .
At 4°C, '251-2 .4G2 Fab bound rapidly to J774 cells; saturation was reached within 15-30 min. As shown in Fig. 1 , virtually all (>98%) of this bound antibody was removed by brief treatment with pH 4 medium in the cold. Given a 1:1 stoichiometry between the binding of a monoclonal Fab fragment to its antigen, we estimate that under these conditions the amount of antibody bound corresponded to 7-8 x 105 FcR/cell. 125 1-Fab binding was inhibited >95% by simultaneous incubation with 100-fold excess of unlabeled 2ÁG2 IgG .
After 3 h at 37°C, the amount of cell-associated 125 1-Fab was 1 .5-2 times greater than at 4°C. Whereas most of the bound antibody was still acid-releasable, a significant amount could not be eluted and was presumably intracellular (Fig. 1) . Within 15 min, 8% of the total radioactivity was acid-resistant ; this amount increased to 20-25% over the next 3 h. In contrast, an increase in acid-resistant binding was not observed when 125 1-Fab was incubated with a crude preparation of J774 membranes at 4°and 37°C (not shown). Thus, the Fab does not simply bind to FcR in an acid-resistant fashion at 37°C: intact cells (and presumably internalization of the antibody) are required .
After a continuous incubation with 12Sí-Fab for 3 h, little or no trichloroacetic acid (TCA)-soluble 125 1 (presumably as monoiodotyrosine) was detected in the growth medium. However, even after CHC13 extraction ofthe acid soluble fraction (12) , there was a significant background of TCA-soluble "'I that would have made it difficult to detect a slow rate of digestion .
Recycling of 2.4G2 Fab-FcR Complexes
The results ofFig. 1 suggest that the Fab-FcR complex may be continuously internalized and returned intact to the cell surface . To test this possibility, we determined whether any ofthe intracellular (i.e., acid-resistant) '25I-Fab could reappear on the cell surface (i.e., become acid-sensitive). Cells were incubated for 1 h at 37°C with 1251-2.4G2 Fab, washed with cold PBS-G, and treated at 4°C with pH 4.0 medium to remove surface bound antibody (see Materials and Methods) . Cultures were then fed with warm a8-H and maintained at 37°C for various lengths of time . A second low pH treatment in the cold was used to determine surface-bound and intracellular 1251 . Control cultures were kept at 4°C following the initial low pH wash.
As shown in Fig . 2 , a significant fraction (45-73% in various experiments) of the internalized 1251-Fab became accessible to low pH release upon continued incubation. Particularly striking was the rapidity of the process : the reappearance of "'IFab on the cell surface was complete within 10 min (t1/2 of 3 min) at 37°C. Relatively little 125 1 was released into the medium (5% of the total during the first 10-min period, 20% in 40 min), most of which was TCA-soluble, indicating that a small fraction of internalized antibody was in fact degraded . In contrast, ifcells were incubated at 4°C, only a small fraction of the total cell associated 125 1 became acid-sensitive (Figs . 2 and 3).
The extent to which 125 1-Fab reappeared on the plasma membrane depended partly on the length of time the cells had initially been incubated with the antireceptor antibody . As the duration of the initial exposure to 125 1-Fab increased from 15 min to 2 h, the fraction of internalized radiolabel that became acid-releasable after 15 min of reculture at 37°C decreased from 73 to < 60% (Fig. 3 ). Thus, with time, "'IFab accumulated in an endocytic compartment from which rapid recycling does not occur.
Effects of NH 4 C/ and Monensin
The reappearance of "'I-Fab on the cell surface was largely insensitive to the effects of two agents that are thought to interfere with plasma membrane or receptor recycling in some systems (13) (14) (15) . Inclusion of 10 mM NH4 CI both during the initial 1-h exposure to 125 1-2 .4G2 Fab and the subsequent reculture period affected neither the speed nor the extent to which intracellular 1251 became acid-sensitive. The binding of 125 1-Fab to surface FcR was also unaffected (not shown) . However, the degradation of internalized Fab to TCA-soluble radioactivity was totally inhibited (Fig. 4) . Similarly, treatment with the Na'-H' ionophore monensin (25 AM) blocked degradation without dramatically affecting the reappearance of internalized 125 1-Fab. A slight (15-20%) but reproducible inhibition was observed (Fig. 4) . 2-h incubation ofJ774 cells in 25 AM monensin (in the absence of added Fab) also decreased the number of surface FcR by 20% . Cycloheximide (1 mg/ml) was without any effect on either the internalization or surface reappearance of 125 1-Fab .
pH-Dependence of 2.462 Fab-FcR Dissociation
The evidence discussed thus far indicates that little 1251_ 2AG2 Fab accumulates intracellularly at 37°C . Instead, internalized Fab remains bound to FcR and apparently returns to the cell surface . In contrast, the internalization of other low pH-sensitive ligand-receptor complexes usually results in the discharge of ligand in some acidic intracellular compartment (e .g ., lysosomes of prelysosomal endosomes) and accordingly in the continuous accumulation of the ligand in lysosomes (1, 16, 17) . Since many of these ligands can dissociate from their receptors at a relatively high pH (5.5-6 .0), we investigated the pH dependency of the 2AG2 Fab-FcR interaction to determine why the Fab was not discharged from the FcR upon reaching endosomes or lysosomes. As shown in Fig . 5 , the dissociation of surface-bound '251_
Fab at 4°C was virtually complete at pH <4.3 and relatively unaffected (15% dissociated) at pH >5 .5 . Halfmaximal dissociation occurred at pH 4.7-4.8, an acidity similar to that determined for macrophage and J774 cell lysosomes using Fab to cells was similarly inhibited by acidic pH. However, the inhibition was reversible : cells or '2 '1-Fab treated for 15 min (4°C) at pH 4 would exhibit normal binding when the pH was returned to neutral. The rates of dissociation at 37°C were also determined at pH 4.0 and at various pH's that may occur intracellularly. Fig. 6 summarizes experiments in which cells were exposed to 'ZSI-Fab at 37°C for 1 h, washed, and then incubated at 37°C in aMEM-H adjusted to the indicated pH's. Similar results were obtained at 4°C . The amount of 'ZS I-Fab eluted at any given pH was expressed as a fraction ofthe maximum, i.e., that which was eluted by treatment with pH 4.0 medium for 10 min. Although elution at pH 4.0 was clearly the most efficient (t2 < 0.5 min), dissociation at pH 4.6 was neverthe-1166 THE JOURNAL OF (TELL BIOLOGY " VOLUME 98, 1984 less rapid. 50% of the cell-associated Fab was removed in <1 .5 min. When expressed in this way, half-maximal dissociation at pH 4.8 required -3 min . 50% dissociation was never reached at pH >5.0 in these experiments. Taken together, these results indicate that significant and rapid disruption of the Fab-FcR complex occurs at pH's that approximate the pH found in secondary lysosomes, but dissociation is greatly reduced at pH's only slightly higher. Thus, the FabFcR complex may not enter, or may reside only briefly, in a compartment of sufficiently low pH, such as lysosomes, to mediate discharge of the Fab from FeR.
Subcellular Localization of Internalized
Fab
To examine the subcellular localization of internalized ' ZS IFab, cell homogenates were centrifuged in Percoll density gradients (10) . J774 cells were incubated with`I-Fab for 0.5-1 .5 h at 37°C and treated with low pH medium in the cold to remove surface-bound radiolabel prior to homogenization. As shown in Fig. 7B , most of this acid-resistant 123I-Fab sedimented as a low density peak (p = 1 .03-1 .04) that was well resolved from a much higher density peak (p = 1 .10) that contained the lysosomal marker enzyme ß-glucuronidase (Fig. 7A) . Only a small amount of ' 25 I-Fab (7-12% in various experiments) co-sedimented with the high density lysosome fraction. Thus, the bulk of the Fab internalized under these conditions was associated with a nonlysosomal endosome fraction.
The presumptive Fab-containing endosomes sedimented at a density that was slightly heavier than that of J774 plasma membranes (marked by 125 1-Fab bound to cells at 4°C) ( by subjecting the low density region of the gradient to a second centrifugation (19) or by centrifuging the initial homogenate in lower concentrations of Percoll (7.5-10%) (P. Ukkonen and I. Mellman, unpublished results) . In addition, when cells that had bound "I-Fab at 4°C were treated with low pH medium prior to homogenization, little radiolabel sedimented in the low density fractions (Fig. 7B) .
To determine whether the clustering of monovalent FabFcR complexes alters their intracellular fate, we studied the subcellular localization of"'I-Fab internalized in the presence of a cross-linking second antibody, affinity purified F(ab')2 fragments of a rabbit anti-rat IgG. F(ab')2 fragments were necessary to prevent the second antibody from binding to FeR via its Fc domain. Although the degree of cross-linking obtained was not extensive (binding experiments showed that on average, only one`251-F(ab')2 was bound per Fab), the second antibody caused a significant increase in the transport o 121 1-Fab to high densitylysosomes. In the experiment shown in Fig. 8 , J774 cells were incubated in a8-H containing`2 sIFab (1 ug/ml) for 1 h at 17°C, washed briefly, and then incubated for an additional 1 h at 17°C with or without saturating concentrations (50 jig/ml) of the anti-rat F(ab')2. In this way, the endosome compartment was loaded with both antibodies, as at temperatures <20°C, FcR-bound ligands are arrested in endosomes (P. Ukkonen, A. Helenius, and I. Lysosomes were localized by ß-glucuronidase activity, which was maximum at fractions 5 to 11 (peak at fraction 8) . Unlike in Fig . 7 , no acid wash was performed prior to homogenization ; thus, both surface bound and intracellular ' 25 1-Fab are shown.
Mellman, unpublished results). The cultures were then shifted to 37°C for 1 h to permit transport to lysosomes. Following several washes in cold PBS, the cells were homogenized and centrifuged in Percoll . Unlike in Fig. 7B , however, no acid wash was performed prior to homogenization, since the presence of the second antibody greatly reduced the efficiency of removing surface-bound Fab. As shown in Fig. 8 , the second antibody induced a small but significant increase in the amount of "'I-Fab reaching lysosomes: 16% of the total (surface plus intracellular) radioactivity was found in the heavy density fractions as opposed to only 3% in the control gradient. Similar results were obtained when cells were incubated with both antibodies at 37°C throughout.
We have provided direct evidence for the internalization and rapid recycling of macrophage FcR through the use of a Fab fragment of the antireceptor monoclonal antibody 2ÁG2. Given the acid lability of the Fab-FcR interaction at 4°C, we could distinguish surface-bound (acid-releasable) from intracellular (acid-insensitive) Fab and also follow the "reappearance" of interiorized antibody on the plasma membrane by incubating acid-stripped cells at 37°C. Littleofthe internalized Fab was degraded or released into the medium, indicating that most of the antibody remained bound to FcR during its transit through the vacuolar system . As a monovalent probe, the Fab was not likely to have "triggered" FcR internalization by cross-linking or otherwise aggregating receptors in the plane of the membrane. Nor did the Fab alter the rate of fluid pinocytosis, which was measured using horseradish peroxidase (I. Mellman, unpublished data). Accordingly, the inter-
nalization and subsequent reappearance of the Fab suggests a continuous internalization and recycling of FcR, consistent with the concept that pinocytosis is accompanied by the internalization and recycling of many plasma membrane proteins (1, 16, (20) (21) (22) . It is also in agreement with our previous finding that pinocytic vesicles (or endosomes), iodinated intracellularly following the uptake of lactoperoxidase, contained labeled FcR (23) . Thus, the long half life of J774 FcR (15 h) (4) apparently results not from the receptor's exclusion from nascent pinocytic vesicles but from its ability to recycle following internalization.
Kinetics of FcR Recycling
Both the amount of antibody internalized and the rate at which it returned to the cell surface agree with what is known about the quantitative aspects of membrane flow during pinocytosis. Peritonal macrophages and J774 cells continuously internalize large areas of plasma membrane: approximately two cell surface equivalents ofmembrane are interiorized per hour (23, 24) . When visualized using markers of fluid phase pinocytosis, pinocytic vesicle contents were transported sequentially to two identifiable endocytic compartments, endosomes and secondary lysosomes. Stereological measurements indicate that these compartments are roughly equivalent in size and together constitute 25-30% of the macrophage's surface area (24) . Thus, assuming that every 30 min the entire macrophage cell surface passes through an intracellular compartment(s) no more than 25% its size, internalized membrane must return to the cell surface with great rapidity, approximately every 7.5 min. This estimate agrees well with the rate observed for the reappearance of intracellular Fab (Fig. 2) . However, it is not yet known whether a membranebound marker such as the Fab is localized entirely to the same endocytic vesicles as markers of fluid pinocytosis. Nevertheless, even after prolonged incubation at 37°C, no more than 20% of the total cell associated '2 1-Fab was resistant to removal by low pH, suggesting (perhaps coincidentally) that the Fab containing compartment may also have a membrane area -20% of the cell surface .
Pathways of FcR Recycling
In addition to providing evidence for FcR recycling, these experiments suggest that internalized receptors may return to the plasma membrane directly from endosomes . The pH dissociation profile of 2ÁG2 Fab from the FcR (half-maximal at pH 4.7-4.8) is such that extensive traffic of the complex through lysosomes (pH 4.6-4.8) should result in the discharge of a significant percentage of the antibody from the receptor. However, Fab was neither accumulated intracellularly nor released into the medium, but was returned to the plasma membrane still bound to receptor. The subcellular fractionation experiments supported this possibility. Even after prolonged incubations at 37°C, mostintracellular Fab sedimented in a low density fraction that was relatively devoid of acid hydrolase activity . Taken together, these findings suggest that the recycling of internalized Fab-FcR complexes occurs primarily from a population of prelysosomal endosomes, whose internal pH may not be low enougr to cause disruption of the complex. Assuming no other factors are involved, the data of Figs. 5 and 6 suggest that significant dissociation of Fab from FcR should not occur at pH's above 5.2-5.3. Although endosomes have been shown to contain an ATP-168 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 driven proton pump and an acidic interior (10, 25) , these considerations suggest that endosome pH in J774 cells is not lower than 5.2.
A lysosomal intermediate in the recycling pathway is nevertheless conceivable, at least assuming that the Fab-FcR complex resides in lysosomes only briefly so as to minimize its dissociation. However, at pH 4.6, the disruption of the complex is quite rapid (ti/2 < 1 .5 min), similar to the rate of dissociation of mannose-terminal glycoproteins from their receptor at pH 6 (26) . In contrast to 2ÁG2 Fab, mannosyl glycoproteins are efficiently accumulated by cultured macrophages . It is clear from the density gradients, however, that at least a small fraction of the internalized Fab does reach high density secondary lysosomes, accounting for the slow but measurable rate of '25I-Fab degradation . Conceivably, the delivery of small amounts of Fab to lysosomes reflects an inefficient dissociation of Fab from FcR in endosomes, as would be expected at pH's <6 (Fig. 5) . Like other markers of endosome content (e.g., horseradish peroxidase, ligands dissociated from receptors), most ofthis Fab would subsequently be transferred to lysosomes (1, 16) .
Other Approaches to Membrane Recycling
In the past several years, evidence supporting membrane and receptor recycling has been obtained using a variety of direct and indirect approaches (see reference 1 for review). Several laboratories have previously used antibodies against defined (15, 27) or undefined (28) plasma membrane proteins to study this phenomenon . These studies have used bivalent (or multivalent) conventional antisera and have labeled second antibodies as detection reagents. Although this work has yielded results consistent with recycling, the processes observed have been much less efficient and/or considerably slower than that described here.
Certain receptor-bound ligands have also been used in a manner analogous to the present paper. Notably, the work of Tietze et al. (26) and Karin and Mintz (29) have shown that internalized ligand can be rapidly released into the medium following reculture at 37°C using mannose-terminal glycoproteins (in NH4CI-treated macrophages) and transferrin (in teratocarcinoma cells) . The transferrin data are of particular interest since, like 2ÁG2 Fab, internalized transferrin is localized to and presumably "recycles" from a low density endosome compartment (30) .
Endosomes and Membrane Recycling
In considering a possible prelysosomal pathway for membrane recycling, it is interesting to note that the low pH dependent behavior of a number of ligands for receptormediated endocytosis usually does not require acidities as low as that attained in lysosomes . For example, the discharge of ligands from receptors usually occurs at pH's >5.5: mannose phosphate-containing glycoproteins and a2-macroglobulin in fibroblasts (14, 31) , mannose-terminating glycoproteins in macrophages (25) , asialoglycoproteins in hepatocytes (32) , and iron discharge from transferrin (33) . A similar situation applies to the low pH (pH <6.0) dependent penetration of Semliki Forest virus, which is known to occur in prelysosomal endosomes (34) . Direct measurements that use fluorescein fluorescence have suggested that endosomes have an internal pH of 5-5 .5 (25, 30) . Given the possible heterogeneity of the endosome compartment, these pH estimates are somewhat difficult to interpret . Nevertheless, it is clear that in many cases, free receptors should be generated in endosomes soon after internalization. By analogy with the results presented here, receptors could then return directly to the plasma membrane to be re-used for subsequent rounds of ligand uptake. Accordingly, endosomes are likely to play a central role in controlling membrane recycling by providing an acidic but nonhydrolytic compartment in which ligands can be removed from receptors and from which membrane recycling can occur.
Significantly, the inclusion ofFcR in this proposed pathway seems to be subject to modulation. Asdescribed in the accompanying paper (4), interaction of FcR with multivalent IgGcontaining immune complexes, in contrast to monovalent Fab, results in the rapid delivery of ligand and receptor from endosomes to lysosomes where both are degraded . Since IgG complexes do not dissociate from FcR at acidic pH, they should remain bound to receptor after reaching endosomes. Unlike 2ÁG2 Fab, the multivalent nature of the IgG-complexes should also cause the cross-linking of adjacent FcR . This raises the possibility that the state ofreceptor aggregation on the endosome membrane determines; whether a particular receptor is recycled to the cell surface or is removed from the recycling pathway and transferred to lysósomes . However, IgG complexes also differ from 2ÁG2 Fab in that they are physiological ligands that bind FcR via the Fc domains of intact IgG molecules . Whether the binding of Fc domains may itself influence the intracellular transport of FcR is not yet clear. Nevertheless, the results of the experiments using a second antibody to cross-link Fab-FcR complexes suggest that simple aggregation may be sufficient to cause transport from endosomes to lysosomes (Fig. 8) . Although the second antibody induced transfer of Fab to lysosomes was still far less efficient than in the case of multivalent immune complexes (P. Ukkonen, A. Helenius, and I. Mellman, unpublished results ; 4), it must be noted that under the conditions used, most ofthe second antibody may have bound only monovalently to Fab-FcR. We are currently preparing covalently linked polymers of 2ÁG2 Fab to provide more conclusive data about the role of receptor clustering in controlling the intracellular transport of FcR .
